A new interpretation for the creep behavior of pure magnesium single crystals as well as poly crystals with 99.94 mass% purity has been made by using an internal variable approach. A series of load relaxation tests and creep tests for magnesium single and poly crystals were performed at elevated temperature. The single crystals used in this study were grown from the melt using a modified Bridgman technique. The creep behavior has been well described by the internal variable theory based on dislocation dynamics, consisting of two deformation modes; dislocation glide and dislocation creep deformation modes. The flow curves obtained from the load relaxation tests at elevated temperature could be resolved into a dislocation glide and a creep component effectively by the internal variable theory. The dislocation creep component above 523 K for single crystal magnesium shifted toward the faster strain rate regime with increasing temperature. This could be due to activation of the cross-slip of dislocations from basal to prismatic planes above 523 K.
Introduction
Magnesium alloys have a high potential as structural materials due to their excellent properties in terms of lightweight, high specific strength and superior damping capacity. However, magnesium alloys exhibit in general limited ductility near room temperature due to their HCP structure, therefore magnesium alloys need to be deformed above 473 K in order to obtain adequate ductility required for plastic forming. Magnesium alloys have been fabricated mostly by die casting because of its high productivity, suitable strength, quality, and dimensional control. On the other hand, wrought magnesium alloys have considerable potential because of their higher ductility and strength than the castings. Many research works have recently focused on the plasticity of magnesium alloys to enlarge the use of magnesium alloys especially in the automotive industry by developing plastic forming process. [1] [2] [3] The high temperature mechanical behavior of magnesium alloys has been investigated extensively. There are two mechanisms that bring about extremely high tensile ductility of magnesium alloys at elevated temperatures above 473 K. One is superplasticity exhibited in fine-grained magnesium alloys. [4] [5] [6] The optimal superplastic strain rate in commercially available wrought magnesium alloys is very low compared to that of conventional hot working process because of their relatively large grain sizes. The other one is solute drag dislocation creep observed in coarse-grained class I solid solution magnesium alloys such as solid solution Mg-Al based alloys. [7] [8] [9] The creep experiments on HCP metals show in general two important trends. Firstly, the activation energy of creep increases from a value that for selfdiffusion in the temperature range of 0.5-0.6 T m to a much higher value in the range of the 0.7-0.8 T m , with T m denoting the melting temperature. The other is that there is a concomitant decrease in the value of stress exponent, for example, from 5.5 to 4.0 in Mg. 10) The deformation mechanisms of magnesium alloys at elevated temperatures are now understood reasonably well, and the creep behavior of the magnesium alloys has been analyzed by utilizing the constitutive equation of Dorn form consisting of external variables such as stress(), strain("), strain rate( _ " "). However, the creep behavior of pure magnesium single crystals as well as poly crystals at elevated temperature has not been fully documented so far. It is therefore attempted here to characterize the creep behavior of a pure magnesium poly and single crystals by utilizing an internal variable theory proposed by Chang et al.
11 ) The theory has been applied successfully to characterize the high temperature deformation behavior of various metallic materials such as Ti-6Al-4V, Al alloys, Pb-Sn alloys and duplex stainless steels as reported in the previous studies. [12] [13] [14] [15] [16] The theory is introduced first briefly in the following section within the context of present work.
Internal Variable Theory Incorporation Dislocation Creep

Glide-controlled deformation
Since most of previous studies were attempted to analyze the flow behavior based on a constitutive relation of external variables such as stress, strain rate, temperature, an internal variable theory has been proposed to provide a more comprehensive understanding of the inelastic deformation behavior. 17) An elementary material volume V bounded by a surface S is considered here, within and across which dislocations are allowed to move in response to an applied stress as shown in Fig. 1(a) . When the material boundary acts as a ''barrier'' partially blocking the passage of dislocations, some of them remain inside the material volume giving rise to an internal strain, while at the same time the rest would pass through to produce an externally observable material deformation. The basic premise of the theory is that inelastic deformation consists of two dislocation processes, viz., the * Graduate Student, Pohang University of Science and Technology accumulation of glide dislocations within active slip systems producing an internal strain a, a relaxation of accumulated dislocations across strong barriers such as grain boundaries giving rise to a plastic strain rate _ . From this model with a consideration of dislocation kinetics, the total inelastic strain rate can therefore be prescribed as;
The time rate a denotes the co-rotational material time derivative of internal strain similar to that prescribed by Hart, and _ is the rate of plastic strain. 18) Generally, a can be neglected if the relaxation test is performed uniaxially in a steady state. The usual stress relation is given by;
where I and F are internal variables which represent the internal stress to overcome a long range interaction force among gliding dislocations and the friction stress due to a short range interaction between the dislocation movement and the lattice resistance, respectively.
Plastic strain rate and internal strain rate can be regarded as a mechanical activation process by internal stress and a viscous flow under friction drag of lattice, respectively. From these analogies, a ''plastic equation of state'' can obtained as; ð
where dislocation permeability p and viscosity exponent M are constants dependent on the characteristics of materials, Ã and AE 0 are internal strength and critical static friction stress, respectively. And _ Ã and _ " " 0 are the conjugate reference strain rate of corresponding flows. The complete details of theoretical development and definitions of constitutive parameters can be found in referred articles. 11, 18) 
Implication of dislocation creep rate
Concerning the high temperature deformation of some metallic materials, thermally activated off-glide dislocation motion, e.g. dislocation cross-slip and dislocation climb including the dislocation motion by the interaction force of sessile dislocations such as Cottrell-Lomer lock and stair rod lock, can induce time-dependent creep deformation. Since it can be considered as a process parallel to plastic strain( _ ) with similar kinetics of mechanical activation, dislocation creep rate( _ ) was introduced to the predefined kinematic and stress relation resulting in equation 5 and 6, respectively.
where p is a characteristic exponent of creep activation similar to p , Ã and _ Ã are the strength and conjugate reference strain rate of creep flows, respectively. 19, 20) Schematic and rheological model of above mentioned theoretical development is represented in Fig. 1 .
Experimental Procedure
Ingots of commercial grade (99.94 mass%) polycrystalline pure magnesium were obtained by die-casting and the chemical composition is given in Table 1 . Hot rolling with 50% reduction was then applied at 623 K prior to annealing and mechanical test. The cylindrical specimens for load relaxation and creep test with 27 mm in gage length and 6 mm in gage diameter were machined from the hot-rolled sheet and then heat-treated at 773 K for 3 hours at Ar atmosphere followed by water quenching to homogenize the elongated microstructures. The equiaxed microstructures were obtained as shown in Fig. 2 . The average grain size was about 100 mm.
Single crystals were grown from the melt using a modified Bridgman technique. The polycrystalline rod machined from the pure magnesium ingots with 10 mm in diameter and 200 mm in length was kept in a graphite mould, which was covered with a tight fitting tapered graphite plug. The mould was then lowered in a vertical tube resistance furnace at the rate of 20 mm/h with Ar gas atmosphere. This procedure gave consistently single crystals of good quality. The Laue back reflection method was used to determine the orientation of Mg single crystals grown from the modified Bridgman furnace. Figure 3 shows the orientation of the Mg single crystals. The numbers correspond to those of Table 2 . As can be seen in Fig. 3 , single crystals with similar orientation were used for mechanical tests. The specimens for load relaxation test and creep test with 27 mm in gage length and 6 mm in diameter were machined from the single crystal rod and then heat-treated at 773 K for 3 hours at Ar atmosphere followed by water quenching to remove residual stress caused by machining. A load relaxation test has been conducted by Instron mechanical test machine at elevated temperature using 3 zone split furnace which controls the temperature within AE0:5 K. In the load relaxation test, a specimen was loaded in tension to a certain predetermined extension followed by stopping the crosshead motion. The load decreasing with time(P-t) was then recorded and converted into a flow stressinelastic strain rate(-_ " ") curve by the method proposed by Lee and Hart. 21) Load relaxation experiments were performed approximately 12 hours after the specimen reached test temperature. Creep tests for pure magnesium poly and single crystals has been conducted at 423 K and 523 K to compare with the results of load relaxation test. Figure 4 shows high temperature flow curves determined from the load relaxation test conducted for poly and single crystal magnesium. The symbols and solid lines are experimental data and the curves fitted by the equation (3), (6) based on the internal variable theory, respectively. A load relaxation test can provide flow curves for a broader range of strain rate with a minimal plastic strain, so that the flow behavior can be obtained without changing the microstructures. From the microstructure observation for the specimens tested by the load relaxation, the effects of grain growth appeared to be negligible during the load relaxation at the test temperature range. As can be seen in Fig. 4 , the curves predicted by the internal variable theory are in good agreement with the experimental data for both poly and Table 2 . single crystal Mg. Nominal temperature dependence which the flow stress decreases with increasing temperature has been observed regardless of the strain rate at both poly and single crystal Mg. A distinct feature, however, is shown for flow stress obtained from the load relaxation test results at 523 K and 623 K. For the single crystal Mg, the flow stress obtained at 523 K and 623 K decrease dramatically at lower strain rate regime. These results indicate that the different deformation mechanisms were activated at lower strain regime above 523 K for single crystals. Resolution of dislocation glide and dislocation creep components from the curves fitted by the internal variable theory has been done for the cases of 523 K and 623 K and exhibited in Fig. 5 . The overall flow stress of the poly crystal is higher than that of single crystal due to the existence of grain boundaries. However, despite of same test temperature, different deformation mode curves were obtained at the lower strain rate region by the resolution of dislocation glide and creep components. It is interested to note that the dislocation creep component for poly crystal, it doesn't present in Fig. 5 because the component exists at very low strain rate regime, shifts toward the lower strain rate region at this temperature. Accordingly, we can expect that the creep resistance of a poly crystal would be enhanced by the existence of grain boundaries. Figure 6 exhibits the effect of temperature on the creep behavior of magnesium single crystal. In Fig. 6 , the dislocation creep component of single crystal shifts toward the faster strain rate regime as the temperature increases from 523 to 623 K. However, the dislocation creep components of single crystal below 523 K were not present as can be seen in Fig. 4 . This means that a certain mechanism of creep behavior was activated near 523 K and accelerated above 523 K.
Results and Discussion
Creep tests for pure magnesium poly and single crystals at 423 K and 523 K were conducted to compare with the results of a load relaxation test and shown in Fig. 7 . The creep test results are consistent with the load relaxation test results roughly, indicating that the load relaxation test is a reliable method to investigate creep behavior, and show nominal applied stress dependence regardless of test temperature at both poly and single crystals. That is, minimum creep rates for single crystals obtained at 523 K are much higher than that of the results obtained at 423 K, and minimum creep rates for poly crystals are lower than that of single crystals, relatively. Consequently, from the load relaxation test and creep test results, it could be suggested that additional dislocation motions are activated near 523 K as the dislocation creep deformation mode and creep resistance of pure magnesium is enhanced by grain boundary existence because the grain boundaries act as a barrier of dislocation motion.
The critical resolved shear stress(CRSS) of pure Mg and Mg-Zn single crystal has been investigated by some researchers at elevated temperature. 22, 23) A. Akhtar et al. have reported that the CRSS of pure Mg for prismatic slip system decreased near 523 K dramatically and the cross-slip on the prismatic slip plane was activated above 523 K. 22) The detailed investigation of the creep behavior of Mg single crystal was conducted by using specimens favorably oriented for prismatic slip by P. W. Flynn et al. In their study, tests were conducted over the range of 473-771 K and the ratecontrolling process was considered to be the cross-slip of dislocations from basal to prismatic planes with a constriction energy of $147 kJ/mol. 24) Accordingly, the results of Fig. 4 that the dislocation creep component for the single crystal above 523 K shifts toward the faster strain rate regime are contributed from a decrease in the CRSS for the prismatic slip at that temperature. A decrease in the CRSS for the prismatic slip results in an activation of the cross-slip of dislocations from basal plane to prismatic planes. This implies that the rate-controlling mechanism of creep behavior of a magnesium single crystal above 523 K is the crossslip of dislocations from basal to prismatic planes. However, the results of the polycrystalline magnesium above 523 K in Fig. 4 and Fig. 5 are different from that of the single crystal. This is due to the existence of grain boundaries in polycrystalline magnesium. Because grain boundaries act as the barrier for a movement of dislocations, the dislocation creep component which originated from the cross-slip of dislocations from basal to prismatic planes does not appear for the polycrystalline magnesium above 523 K. Tegart has studied the detailed creep behavior in polycrystalline pure magnesium. 10) He suggested that there was a change in the rate-controlling mechanism from dislocation climb at low temperature to cross-slip from basal to prismatic planes at high temperature(>477 K). S. S. Vagarali et al. also performed the investigation of creep behavior in polycrystalline pure magnesium at various temperature range and stress levels. 8) It was concluded in their study that the creep of magnesium is controlled by separate mechanisms acting independently in the lower and higher temperature ranges. In the lower temperature range, up to $600 K the rate controlling mechanism is the dislocation climb controlled by lattice self-diffusion, but, in the higher temperature range, above 600 K the rate controlling process is the cross-slip of dislocations. Therefore, if we can get the flow curves from the load relaxation tests below 10 À7 s À1 strain rate regime, the dislocation creep component for polycrystalline magnesium will appear due to the acceleration of the cross-slip of dislocations. A more detailed investigation of the dislocation structure, especially related to dislocation creep deformation modes, is required in the future.
Constitutive parameters determined at each temperature at the fixed pre-strain of 2% are listed in Table 3 and 4 for poly and single crystal magnesium, respectively. The characteristic exponent, i.e. p and p of each flow component has been manifested to be constant regardless of temperature and strain rate, which implies that proposed formulation can be considered as state equation. The dislocation permeability at the barrier of dislocation motion, p is determined to be 0.15 and 0.08 for polycrystalline and single crystal, respectively. It is suggested that the difference in p value at both polycrystalline and single crystal may be due to the existence of grain boundaries affecting on the dislocation motion of pure magnesium.
Summary
A series of load relaxation and creep tests at elevated temperature for polycrystalline and single crystal magnesium with 99.94 mass% purity followed by the analysis based on the internal variable theory of inelastic deformation, the following important results have been achieved.
1) The flow curves obtained from load relaxation tests at elevated temperature could be resolved into dislocation glide and creep deformation mode effectively by the internal variable theory based on the dislocation dynamics.
2) The dislocation creep deformation mode for single crystal magnesium above 523 K shifts toward the faster strain rate regime with increasing temperature. This could be due to the activation of the cross-slip of dislocations from basal to prismatic planes above 523 K.
3) The rate-controlling mechanism of creep behavior of pure magnesium above 523 K could be the cross-slip of dislocations from basal to prismatic planes. 4) Creep resistance of pure magnesium could be enhanced due to the grain boundary existence of relatively large grains which acts as a barrier of dislocation motion such as glide and cross slip.
